Acute lung injury (ALI) is characterized by increased alveolar cytokines, inflammatory cell infiltration, oxidative stress, and alveolar cell apoptosis. Previous work suggested that xanthine oxidoreductase (XOR) may contribute to oxidative stress in ALI as a product of the vascular endothelial cell. We present evidence that cytokine induced lung inflammation and injury involves activation of XOR in the newly recruited mononuclear phagocytes (MNP). We found that XOR was increased predominantly in the MNP that increase rapidly in the lungs of rats that develop ALI following intratracheal cytokine insufflation. XOR was recovered from the MNP largely converted to its oxygen radical generating, reversible O-form, and alveolar MNP exhibited increased oxidative stress as evidenced by increased nitrotyrosine staining. Cytokine insufflation also increased alveolar cell apoptosis. A functional role for XOR in cytokine-induced inflammation was demonstrated when feeding rats two different XOR inhibitors, tungsten and allopurinol, decreased MNP XOR induction, nitrotyrosine staining, inflammatory cell infiltration, and alveolar cell apoptosis. Transfer of control or allopurinol treated MNP into rat lungs confirmed a specific role for MNP XOR in promoting lung inflammation. These data indicate that XOR can contribute to lung inflammation by its expression and conversion in a highly mobile inflammatory cell population.
tics typical of ALI. For example, in rats, IL-1 insufflation increased lung edema, BALF protein levels, lung neutrophil recruitment, and oxidative stress (6, 7) . In cultured lung epithelial cells, IL-1 stimulated expression of inflammatory chemokines (IL-8, MCP-1) and adhesion molecules (ICAM-1) (8) , suggesting its potential role in inflammatory cell recruitment. Likewise, insufflation of IFN-␥ (9), or its induced expression as a Clara cell transgene (10) , also promoted inflammation and macrophage activation in the lung. Therefore, IFN-␥ may also contribute to many of the events that arise during lung inflammation, including the stimulation of inflammatory cell recruitment (11, 12) and the induction of alveolar epithelial cell apoptosis (13) . Although neutrophils are widely recognized as possible mediators of ALI pathophysiology (14, 15) , alveolar macrophages also appear to contribute to ALI as sources of proinflammatory cytokines (IL-1), chemokines (IL-8, MCP-1), and reactive oxygen species (ROS) (1, 2) . The recruitment, infiltration, and differentiation of monocytes into macrophages are important steps in the life cycle of the mononuclear phagocytes (MNP) (16) (17) (18) that may also impact ALI.
Oxidative stress is a common feature of ALI whose contribution to pathogenesis is not well understood (19) (20) (21) (22) , and although ROS can be derived from many sources during inflammation, xanthine oxidoreductase (XOR) emerged as a possible source because it and its substrate, hypoxanthine, are elevated in the blood and lung lavage of patients with ALI (23) (24) (25) . Furthermore, feeding animals tungsten or allopurinol, XOR inhibiting diets, reduced ALI induced by hemorrhage (26) (27) (28) and vascular permeability induced by ischemia/reperfusion (29) . XOR generates ROS with high efficiency following proteolytic or oxidative conversion of D-form XOR (xanthine dehydrogenase, XDH) to O-form XOR (xanthine oxidase, XO). Although proteolytic conversion of D-form to O-form has been well studied in vitro (30, 31) , XOR conversion by thiol oxidation may be a key biological mediator because it is both reversible and potentially subject to regulation. XOR thiol oxidation can be reversed by incubation with reducing agents, like dithiothreitol, to produce D-form XOR (32) , and rat liver O-form XOR content has been directly linked to reduced glutathione status (33) . O-form XOR is an efficient source of the superoxide anion (O 2 Ϫ. ) (34, 35) that can promote protein tyrosine nitration by reacting with nitric oxide (NO) to form peroxynitrite, the nitrating species (36, 37) . Protein nitrotyrosine is a relatively stable modification that provides in vivo evidence of the concomitant presence of NO and O 2 Ϫ. (38, 39) .
Alveolar epithelial cell apoptosis has been recognized in the lungs of patients with ALI, and in animal models that develop ALI (1, 2) , it can be induced by oxidative stress, and may be responsible for loss of alveolar epithelial function (2) . Unlike necrosis, apoptotic cell death involves the ordered activation of effector caspases, such as caspase-3, and the activation of endonucleases that generate DNA nicks that are routinely assayed by fluorescence TUNEL stain (40) .
The potential relationship between inflammation and XOR activation was reinforced by the observation that proinflammatory cytokines IL-1 and IFN-␥ induced XOR in cultured epithelial cells (41) (42) (43) (44) , whereas intraperitoneal injection of IFN-␥ induced XOR in the lung (45) . In the present work, we hypothesized that insufflation of IL-1 and IFN-␥ would induce lung XOR activity and contribute to lung inflammation. Our data not only supported this premise, but revealed XOR induction in the differentiating MNP that increased rapidly in the alveoli following cytokine insufflation. Importantly, MNP XOR induction, MNP oxidative stress, lung inflammation, and alveolar cell apoptosis were all attenuated in rats fed tungsten or allopurinol diets. Cell transfer experiments provided additional evidence for the potential contribution of MNP XOR in the inflammatory process.
Materials and Methods

Reagents
Most reagents, sodium tungstate, buffers, substrates, and inhibitors were purchased from Sigma Chemical Co. (St. Louis, MO). Recombinant rat IL-1␣ (IL-1; 500-RL-005) and IFN-␥ (285-IF-100) were purchased from R&D Systems (Minneapolis, MN). TUNEL staining kits were obtained from Trevigen, Inc. (Gaithersburg, MD). Nitrotyrosine and immunoaffinity purified anti-nitrotyrosine antibody (IgG) were purchased from Upstate Biotechnology (Lake Placid, NY). Alexa Flour-488 and Alexa Flour-594 fluorescent antibodies were purchased from Molecular Probes (Eugene, OR). Normal goat serum was obtained from ICN Biomedicals (Aurora, OH).
Intratracheal Cytokine Insufflation
Healthy male Sprague-Dawley rats (300-400 g body weight; Sasco, Omaha, NE) were fed control, tungsten-enriched, or allopurinolsupplemented diets as previously described (46, 47) . IL-1 and/ or IFN-␥ were delivered intratracheally into anesthetized rats as described previously (7) . Dose-response optimization of IL-1 revealed no further inflammatory response to IL-1 at doses beyond 100 ng, and because the difference between 100 ng and 50 ng was small, 50 ng per rat was selected for use in the present experiments. Similar experiments and results were obtained with IFN-␥, which was subsequently tested in high and low doses in combination with IL-1. Routinely, 50 ng of recombinant rat IL-1␣ and/or 50 ng of IFN-␥ in 0.5 ml of normal saline were pumped into the airway. Sham treated control rats were insufflated with normal saline alone. Differential and total inflammatory cell counts were determined on BALF obtained 24 h after cytokine insufflation (6, 7) . TUNEL, nitrotyrosine staining, histology, and immunofluorescence were performed on lungs harvested 24 h after cytokine insufflation. Lungs were perfused until blood-free, removed surgically, and divided. One fraction was immediately fixed in paraformaldehyde for histology, TUNEL, or nitrotyrosine staining. One fraction was frozen immediately in liquid N 2 for subsequent biochemical analyses. Livers were obtained from each rat, perfused blood-free, and immediately frozen in liquid N 2 . BALF cells were collected from separate rats by pumping 5.0 ml of normal saline into the trachea. Lavage fluid was pumped in and out of the lung three times before being collected. The use of rats in this study was approved by the University of Colorado Institutional Review Board under the protocol number 4980199(04)1E.
XOR Assay
Total XOR activity in lung and liver tissue was determined using whole tissue protein extracts. Briefly, tissues that had been perfused blood-free were placed into liquid N 2 and stored at -80ЊC before generating enzyme extracts. Enzyme extracts were prepared by placing frozen specimens in extract buffer (100 mM K-Phosphate, pH 7.8, 1 mM EDTA, 1 mM PMSF). Tissues were thawed in extract buffer on ice and minced. Minced tissues were broken in a rotating dounce using exactly three strokes of the pestle. Tissue homogenates were then centrifuged at 15,000 ϫ g at 4ЊC for 30 min. Clarified extracts were desalted on 2 cm ϫ 20 cm Sephadex G25 columns to remove low molecular weight substances that potentially interfere with enzyme activity (48) , and 3 ml of the flow through front were collected. Allopurinol inhibitable XOR activity was determined spectroscopically by measuring uric acid formation from xanthine at 290 nm. The stability of uric acid added to the flow through fraction was determined in the presence and absence of the uricase inhibitor, oxonic acid (OA). Because these analyses revealed high levels of uricase in rat lung and liver extracts, XOR assays were performed in the presence of 0.8 mM OA. Evaluation of D-form XOR and O-form XOR was determined by measuring enzymatic activity in the presence and absence of NADϩ (49) .
Tissue Fixation, Immunostaining, and Microscopy
Lung tissue was fixed in 10% neutral-buffered formalin overnight and embedded in paraffin. Four-micron sections were prepared and hydrated by exposure to xylene for 2-to 5-min periods followed by sequential 1-min exposures to 100, 90, 70, and 30% ethanol and finally to phosphate-buffered saline (PBS) for 5 min. Hydrated sections were either stained with H&E or prepared for antibody staining using the antigen retrieval procedure (Vector Labs, Burlingame, CA) according to the manufacturer's instructions. Sections were blocked and permeablized by incubation in PBS containing 0.2% glycine for 30 min followed by PBS containing 5% goat serum and 0.1 mg/ml saponin for 1 h and then incubated with anti-mouse XOR antibodies (1/100) at room temperature for 1 h. Immunoreactivity was detected using a Cy3-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) secondary antibody (1/150) and visualized with a Nikon Diaphot inverted fluorescent microscope. Anti-XOR antibodies used for immunocytochemistry were generated against affinity purified XOR (49) and purified on Protein-A sepharose. Specificity of the XOR antibody was demonstrated by Western immunoblot analysis of crude tissue extracts (49) .
Flow Cytometric Analyses
Cells were recovered from the BALF by centrifugation, washed in PBS, distributed at 2.5 ϫ 10 5 cells in PBS/5.0% FCS into 96-well plates, and then brought up to 100 l with saline. All cells were preincubated for 5 min on ice with mouse anti-rat CD32 monoclonal clone D34-485 (BD Pharmingen, San Jose, CA) to minimize nonspecific binding. Phycoerythrin-labeled anti-rat CD11b clone MRC OX-42 (Biosource International, Camarillo, CA) and biotin-conjugated anti-rat MNP monoclonal clone 1C7 (BD Pharmingen) were directly added to the wells 10 min in the dark on ice. The cells were washed in PBS/5.0% FCS followed by sedimentation for 5 min at 1,200 rpm in a bench top Sorvall centrifuge and then incubated with either streptavidin-phycoerythrin or streptavidinfluorescein isothiocyanate (both from BD Pharmingen) in the appropriate wells. Subsequently, the cells were washed, fixed with 2% paraformaldehyde in PBS, and then washed again. Reacted and washed cells were then resuspended in PBS and analyzed on a FACSCalibur analyzer (Beckton-Dickinson, San Jose, CA). The gates were set by a blank and the appropriate controls were used to indicate nonspecific binding. A total of 10,000 cells were acquired for each sample and analyzed with Cell Quest (BecktonDickinson) version 3.1 software.
Lung Nitrotyrosine Staining
Paraffin-embedded lung tissue sections were deparaffinized in ethanol and rehydrated in H 2 O and PBS. Slides were blocked with a solution of 7.5% normal goat serum, 2.5% ␤-casein, 0.1% triton X-100 for 3 h at room temperature. The primary antinitrotyrosine antibody was applied at a dilution of 1:1,000 for 15 min at room temperature in the blocking solution. Slides were then washed in PBS and the Alexa Flour goat anti-rabbit IgG was applied for 15 min at a dilution of 1:100 in the blocking solution at room temperature. Subsequently, the slides were washed extensively in PBS and stained with Hoescht dye for 5 min in PBS, after which they were washed in PBS, covered in Anti-Fade, and sealed under glass coverslips. Positive immunofluorescent controls were exposed to 24-77 mM peroxynitrite for 20 min at room temperature, washed with PBS, and then processed as above. Prebinding negative controls were performed by mixing the antinitrotyrosine antibody with 10 mM nitrotyrosine in PBS for 1 h at room temperature before its addition to blocked slides. All subsequent steps were performed as above. Prebinding blocked the reactivity of antinitrotyrosine antibody to nitrotyrosine but had no effect on heme-dependent autofluorescence of red blood cells. Slides were visualized under red (nitrotyrosine), green (tissue architecture), and blue (nuclei) fluorescence using a Nikon Diaphot inverted confocal fluorescence microscope at ϫ100 magnification. Digitally derived blue and green photographs were combined with the MetaMorph software and printed from 24-bit digital files. A black background was set consistently for each figure using a section of the open air-space in which no cells were present in the field.
TUNEL Staining and Morphometric Analysis
The TUNEL assay was used to detect apoptotic cells in fixed lung sections. After fixation with 4% buffered formalin, lung tissue sections were embedded in paraffin, sectioned at 5 uM, and mounted on glass slides. Slides were deparaffinized, rehydrated for 10 min in PBS, and treated with 0.002% proteinase K (Sigma) in distilled water for 5-15 min at room temperature. Terminal deoxynucleotidyl transferase (TdT) was used for labeling of DNA nicks using the TACS kit (Trevigen, Inc., Gaithersburg, MD). Counterstaining with DAPI was done to stain nuclear DNA and with Rhodamine coupled wheat germ agglutinin (WGA; Molecular Probes, Eugene, OR) to stain the structural architecture. TUNELpositive cell staining appeared as green fluorescence in the nuclei of clearly defined alveolar cells. Background nuclear staining appeared as blue, whereas the tissue architecture was red.
Activated Caspase-3 Detection
Detection of the cleaved, mature, actived caspase-3 was performed on paraffin-embedded sections using the Cell Signaling Technology, Inc. (Beverly, MA) protocol. First, paraffin-embedded slides were deparaffinized and rehydrated. Incubation with 1% H 2 O 2 for 10 min blocked endogenous peroxidase activity. For antigen unmasking, the tissue sections were microwaved in 10 mM sodium citrate buffer (pH 6.0) for 10 min. Next, the sections were blocked in 5% goat serum for 1 h at room temperature. Slides were then incubated at 4ЊC overnight with caspase-3 antibody specific for the cleaved, mature, form of caspase-3 diluted 1:200 in PBS (Asp-175; Cell Signaling Technology, Inc). This was followed by a 30-min incubation with a 1:200 dilution of goat anti-rabbit antibody (PK-6101; Vector Labs). A subsequent 30-min incubation with VectaStain Elite ABC reagent (PK-6101; Vector Labs) ensued. This reaction was followed by the addition of the DAB substrate kit for peroxidase (SK-4100; Vector Labs). The slides were finally counterstained with hematoxylin (H-3401; Vector Labs), dehydrated, and mounted. Caspase-3-positive cells were quantitated by counting the percent positive alveolar cells per field under ϫ100 magnification.
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Immunoblot Analysis
Protein was electrophoresed on sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Osmonics, Inc, Minnetonka, MN). Membranes were sliced for staining with Coomassie brilliant blue or processed for immunoblot analysis. For reaction with antisera, membrane strips were blocked with 0.05% dried milk overnight before reaction with preimmune sera or anti-XOR antisera. Antigen-antibody complexes were detected by reaction with an enhanced chemiluminescence Western blotting detection kit according to manufacturer's instruction (Amersham Life Sciences, Piscataway, NJ).
Statistical Analyses
Data are expressed as the mean and standard error of the mean and were assessed for significance using the Student's t test. A P value of Ͻ 0.05 was considered significant.
Results
XOR Was Induced in the Lungs of Rats following IL-1 and IFN-␥ Insufflation
XOR was quantitated in desalted whole-lung protein extracts obtained from lungs and livers of rats subjected to intratracheal insufflation with either IL-1 and IFN-␥, IL-1, IFN-␥, or saline (the cytokine vehicle). The combined insufflation of IL-1 and IFN-␥ produced a 3-fold induction of total XOR activity 24 h following cytokine insufflation compared with saline alone ( Figure 1A ). By comparison, there was an approximate doubling of XOR after IL-1 insufflation and a negligible response following IFN-␥ insufflation alone. In contrast, liver XOR did not increase following cytokine insufflation ( Figure 1B) . Western immunoblot analysis of lung protein extracts showed that lung XOR protein also increased several fold following insufflation with IL-1 and IFN-␥ ( Figure 1C ). XOR recovered from cytokine insufflated lung revealed no evidence of elevated proteolysis.
XOR Was Recovered in Predominantly O-Form from the Lungs of Rats Insufflated with IL-1 and IFN-␥
We quantitated the levels of O-form XOR in untreated or cytokine insufflated rat lungs. Untreated, normal rat lungs exhibited 23% O-form XOR, an amount that is typical of most rat tissues, whereas O-form XOR increased to 78% of the total XOR activity in lungs insufflated with IL-1 and IFN-␥. In contrast, lung O-form content increased to 42% following saline insufflation, 57% following IL-1 insufflation, and 52% following IFN-␥ insufflation ( Figure 1D ). O-form XOR recovered from cytokine-insufflated lungs was in a reversible state. Soluble lung protein extracts from insufflated rats were exposed to 5 mM DTT at 37ЊC for 14 h and were rechromatographed on sephadex G25 after which D-form and O-form content were remeasured. Regardless of insufflation, O-form XOR in all lung samples was reduced to ‫ف‬ 23% of the total XOR by DTT ( Figure 1E ). Furthermore, native O-form XOR from untreated rat lungs or livers was not further reduced by DTT treatment and remained at ‫ف‬ 23% of the total XOR following DTT reduction.
Lung Inflammation Increased following IL-1 and IFN-␥ Insufflation
The total number of inflammatory cells recovered from the BALF 24 h following IL-1 and IFN-␥ insufflation was increased compared with saline-, IL-1-, or IFN-␥-insufflated lungs (Figure 2A ). Differential analysis revealed ‫ف‬ 60% neutrophils and 40% macrophages in BALF from IL-1-and IFN-␥-insufflated lungs compared with ‫ف‬ 80% neutrophils and 20% macrophages from IL-1-or IFN-␥-insufflated lungs and essentially 100% macrophages from noninsufflated lungs of control rats. Lymphocytes were a small, but comparable, percentage of the cells recovered in ᭤ Figure 1 . Lung XOR induction following cytokine insufflation. Total lung and liver XOR activity was quantitated in the presence of NAD ϩ in soluble desalted protein extracts from rats that were insufflated 24 h before with saline, IL-1, IFN-␥, or IL-1 and IFN-␥. Data show the mean and SE for six rats in each group. IL-1-and IFN-␥-insufflated rats had increased (**P Ͻ 0.02) lung (A ), but not (P Ͼ 0.05) liver (B ), XOR activity compared with rats insufflated with saline, IL-1 (*P Ͻ 0.05), or IFN-␥ (P Ͼ 0.05). (C ) Western immunoblot analysis of lung XOR from cytokine-insufflated rats. Antibody to rat ␤-actin was used to control for gel loading. Gels were scanned with a Perkin-Elmer phosphoimager for semi-quantitation. Data are shown for two rats in each group. These data demonstrate that lungs from rats insufflated with IL-1 and IFN-␥ had increased XOR immunoreactive protein compared with rats insufflated with saline, IL-1, or IFN-␥. 
XOR Was Induced in the Infiltrating and Differentiating MNP following IL-1 and IFN-␥ Insufflation
Differential analysis of cells obtained in the BALF following IL-1 and IFN-␥ insufflation revealed nearly equivalent numbers of MNP and neutrophils by 24 h that declined slowly over the next 18 d ( Figure 3A ). BALF cells from IL-1-and IFN-␥-insufflated rats were stained for the alveolar macrophage marker, ED1, or with the neutrophil/monocyte marker, CD11b, and were then subjected to analysis by fluorescence-activated cell sorter (FACS) ( Figure 3B ). The CD11b antigen increased dramatically 4 h following cytokine exposure, reflecting the appearance of newly infiltrating CD11b positive monocytes and neutrophils. CD11b staining then gradually declined over the next 18 d to a pattern identical to that found in the 0 time resident macrophages. ED1 was well expressed on the 0 time resident macrophages, was absent on the newly infiltrating monocytes and neutrophils at 4 h, and was gradually restored to high level expression throughout the 18-d time course. These data reflect the rapid migration of neutrophils and monocytes into the lung following IL-1 and IFN-␥ insufflation, followed by the gradual maturation of the newly infiltrating monocytes into mature, ED1-expressing macrophages and by the relatively rapid decrease of the neutrophil population. Scatter diagrams revealed the broad forward and side scatter produced by resident macrophages at time 0, and subsequently revealed the low scattering, compact nature of infiltrating monocytes and neutrophils, a pattern that was restored to the original pattern typical of the mature macrophages over the course of 18 d.
Neutrophils and MNP were recovered from the BALF 24 h following IL-1 and IFN-␥ insufflation and purified on Percoll gradients. Western immunoblot analysis of protein extracted from these cells showed that XOR was induced in MNP, but not neutrophils ( Figure 3C ). BALF cells were also recovered over a 24-h time course from rats following insufflation of IL-1 and IFN-␥, collected by centrifugation and washed. MNP were then allowed to adhere to plastic dishes by cultivation at 37ЊC for 1 h in rich medium. Nonadherent cells were then washed off the plates and the adherent MNP were assayed for D-form and O-form XOR activity and for XOR immunoreactive protein. These data demonstrated that D-form XOR ( Figure 3D ) and O-form XOR ( Figure 3E ) activity were induced in the adherent MNP, and that most of this XOR was recovered in O-form. Although XOR was induced over a 24-h period in the infiltrating MNP recovered from the lungs of IL-1-and IFN-␥-insufflated rats, neither XOR activity nor antigen was detected in circulating rat monocytes (not shown). These observations indicate that XOR induction is associated with monocyte infiltration and/or differentiation following cytokine insufflation.
Tungsten or Allopurinol Feeding Decreased Lung and MNP XOR Activity, Lung Inflammation, MNP Nitrotyrosine Staining, and Alveolar Cell Apoptosis in Rats Insufflated with IL-1 and IFN-␥
The induction of XOR in MNP recovered from lungs following IL-1 and IFN-␥ insufflation and its conversion into largely O-form XOR suggested that XOR may participate in the inflammatory process as a source of ROS. We used two systemic inhibitors to assess the involvement of XOR in cytokine-induced inflammation. Rats were fed diets deficient in molybdenum and supplemented with tungsten or diets supplemented with allopurinol. Subsequently, rats were insufflated with IL-1 and IFN-␥ or the saline vehicle and prepared for analysis 24 h later. Tungsten feeding decreased XOR activity in the lungs ( Figure 4A ) and in the BALF cells ( Figure 4B ) from cytokine-insufflated rats. Furthermore, tungsten or allopurinol feeding also reduced the accumulation of inflammatory cells ( Figure 4C ) and attenuated histologic evidence of airway and perivascular inflammation ( Figure 4D ) in the lungs of IL-1-and IFN-␥-insufflated rats. Lung tissue specimens from rats insufflated with IL-1 and IFN-␥ exhibited increased nitrotyrosine staining of the alveolar MNPs (88% positive staining) compared with saline-insufflated control lungs (14% positive staining), and MNP nitrotyrosine staining was decreased to background levels (14% positive staining and autofluorescent cells) in IL-1-and IFN-␥-insufflated rats previously fed allopurinol or tungsten diets ( Figure 4E) . Finally, because a common feature of ALI and a consequence of inflammation can be the induction of alveolar cell apoptosis, we examined cytokine insufflated rat lungs for apoptosis. By quantitative morphometric analysis, lungs from rats insufflated 24 h before with IL-1 and IFN-␥ had a 13-fold increase in TUNELpositive alveolar nuclei staining compared with saline-insuf- were all increased (**P Ͻ 0.02) following insufflation of IL-1 and IFN-␥ compared with saline insufflation. In contrast, rats fed tungsten or allopurinol diets before IL-1 and IFN-␥ insufflation had decreased (*P Ͻ 0.05 or **P Ͻ 0.02) lung XOR activity (A ), MNP XOR activity (B ), BALF cell numbers (C ), lung histologic abnormalities (D ), MNP nitrotyrosine staining (E ), alveolar cell TUNEL stain (F and G ), and alveolar cell caspase-3 activation (H ) compared with rats fed a control diet and then insufflated with IL-1 and IFN-␥. Nitrotyrosine immunofluorescence staining (E ) was conducted on lung tissue sections 24 h following IL-1 and IFN-␥ insufflation. Nitrotyrosine immunofluorescence is shown in red and tissue architecture in green and blue. Allopurinol and tungsten inhibition of MNP nitrotyrosine immunofluorescence and the effect of nitrotyrosine prebinding (NT prebinding) are also shown (E ). These data demonstrate increased oxidative stress in the lungs of rats insufflated with IL-1 and IFN-␥ and that immunofluorescence in the alveolar located MNP was attenuated by prior inhibition of XOR. In G, panels B1 and B2 show higher magnification fields of fluorescence TUNEL staining associated with alveolar cells. Each data point in the quantitative TUNEL assay represents the counting of at least 8,000 nuclei derived from tandem serial sections of clearly identifiable alveolar cells. Data were acquired for each tissue slice by counting 200 nuclei per field and 20 fields per slide in parallel transects across each slide. These data demonstrate the quantitative increase in TUNEL stain following cytokine insufflation and the subsequent decrease in TUNEL stain in rats previously fed allopurinol or tungsten diets. Active caspase-3 (H ) was quantitated in a similar fashion by counting the percentage of activated caspase-3-positive cells per high field view in 20 fields per tissue for two rats in each group. Activated caspase-3 was increased in the lungs of rats insufflated with IL-1 and IFN-␥ compared with rats insufflated with saline (**P Ͻ the lungs of rats insufflated with IL-1 and IFN-␥ compared with rats insufflated with saline (**P Ͻ 0.02) or tungsten (*P Ͻ 0.05) or allopurinol (**P Ͻ 0.02) fed rats insufflated with IL-1 and IFN-␥. Because allopurinol dissociates from XOR during preparation of the protein extracts, allopurinol inhibition of XOR was not assayed (n.d.) in A and B. flated rat lungs, and prior feeding with tungsten or allopurinol diets attenuated the development of alveolar apoptosis ( Figures 4F and 4G) . We quantitated activated caspase-3 in a similar fashion to corroborate the results from TUNEL assay. Lungs from rats insufflated 24 h before with IL-1 and IFN-␥ had a 12-fold increase in activated caspase-3 compared with saline-insufflated control lungs. Prior feeding with tungsten or allopurinol diets blocked the activation of caspase-3 in cytokine insufflated rat lungs ( Figure 4H ).
MNP XOR Contributed to the Inflammatory Response In Vivo
To determine whether XOR induction in MNP could contribute to lung inflammation, we performed a cell transfer experiment. We induced a pulmonary inflammatory response in rats with IL-1 and IFN-␥ insufflation, obtained Figure 5 . MNP XOR augments lung inflammation in vivo. A lung inflammatory response was induced in rats with IL-1 and IFN-␥ insufflation. After 8 h, cells from BALF were recovered from each rat in PBS, pooled, and quantitated. Cells were then divided into two equivalent fractions and exposed to 1 mM KOH or 1 mM KOH with 150 M allopurinol in vitro. The neutral pH of the PBS and cell mixture was unchanged by adding 1 mM KOH. After 15 min, the cells were washed and resuspended in PBS. Subsequently, 2 ϫ 10 6 of control or allopurinol treated cells were insufflated into control rats. Twenty-four hours after cell insufflation, BALF cells were recovered from these rats, Wright's stained, and quantitated. Insufflation of untreated BALF cells increased the recovery of neutrophil 24 h later (A ) compared with insufflation of allopurinol-treated BALF cells (B ). Quantitation of neutrophils from both groups is shown in C. The numbers of neutrophils recoverable in BALF from rats insufflated with control cells is significantly increased (*P Ͻ 0.05) compared with the number of neutrophils recovered following insufflation of allopurinol-treated cells. Data are the mean and SE of six rats in each group. these cells by bronchoalveolar lavage 8 h later, and then treated these cells with either allopurinol or the vehicle for allopurinol in vitro. After a 15-min exposure to allopurinol or the vehicle, these cells were washed, resuspended in PBS, and then insufflated into control rats. Subsequently, cells were harvested from the BALF of these control rats, stained, and quantitated. BALF recovered from the lungs of rats insufflated 24 h before with untreated cells had increased numbers of neutrophils compared with BALF recovered following insufflation with allopurinol-pretreated cells (Figures 5A and 5B) . Insufflation of allopurinoltreated BALF cells attenuated the subsequent recovery of neutrophils in the BALF ( Figure 5C ).
Discussion
We observed the rapid induction of XOR in the infiltrating, differentiating MNP that were recruited into the lungs of rats insufflated with IL-1 and IFN-␥. Lungs of rats insufflated with IL-1 and IFN-␥ developed a vigorous inflammatory response characterized by rapid neutrophil and MNP infiltration, oxidative stress, and alveolar cell apoptosis. MNP XOR was recovered in predominantly its reversible O-form, and MNP from the lungs of IL-1-and IFN-␥-insufflated rats had increased nitrotyrosine staining compared with MNP in control lungs. Pretreatment of rats with two different XOR inhibitors decreased MNP XOR induction, MNP nitrotyrosine staining, lung inflammation, and alveolar cell apoptosis. Transfer of allopurinol-inhibited MNP into normal rat lungs in vivo decreased the recruitment of neutrophils into the lung. Although vascular endothelial cell XOR may contribute to inflammation (35) , our observations point to a dynamic, previously unrecognized process by which XOR induction in the MNP contributes to lung inflammation, oxidative stress, and alveolar cell apoptosis.
BALF from untreated rats contained primarily alveolar macrophages and few, if any, neutrophils or monocytes. These resident macrophages had high levels of the macrophage marker, ED1, but expressed low levels of XOR immunoreactive protein and activity. However, this pattern changed rapidly after cytokine insufflation. Beginning 4 h after cytokine insufflation, CD11b expressing, ED1-deficient cells exhibiting the compact, low scattering pattern characteristic of monocytes and neutrophils dominated the population of cells recoverable by lung lavage. Over the initial 24 h, XOR expression increased in the CD11b-positive ED1-negative MNP. This pattern gradually reverted to the zero time control pattern over the next 18 d when a majority of the recoverable cells were again ED1-positive macrophages. Simultaneous histologic and biochemical analyses of these BALF cells revealed that XOR activity was increased in MNP, but not neutrophils. Because XOR activity was not detected in circulating monocytes, the present observations suggest that increased XOR expression occurred in the infiltrating and differentiating MNP.
Predominantly O-form XOR was recovered in MNP throughout the 24 h following IL-1 and IFN-␥ insufflation. As early as 8 h after insufflation, O-form content comprised 70-80% of the total XOR activity. Importantly, O-form XOR could be reversed to D-form XOR by DTT reduction, leaving a constant O-form content of ‫ف‬ 23% regardless of cytokine exposure, and this is exactly the level of O-form XOR found in the lungs of untreated rats or in livers. Thus, the increased amount of O-form XOR recovered from the lung was dependent upon prior cytokine insufflation. Because we observed no increase in XOR proteolysis following cytokine treatment, the combined action of IL-1 and IFN-␥ elevated both total XOR activity and most likely promoted the reversible conversion of D-form XOR to the O-form in vivo. Although inflammatory cytokines increased XOR in cultured epithelial cells, they did not cause conversion of D-form to O-form XOR in vitro (42) . Although these contrasting observations undoubtedly reflect the different response of immortalized cells in culture and in the rat lung in vivo, the increase in XOR along with the increase in Oform content could enhance the ROS generating capacity of MNP in the alveoli.
The development of increased alveolar MNP nitrotyrosine staining after IL-1 and IFN-␥ insufflation suggests that oxidative stress was increased in MNP, and nitrotyrosine modification can be supported by O-form XOR, which can serve as source of O 2 Ϫ. (34) (35) (36) . Inhibition of MNP nitrotyrosine staining in rats fed tungsten or allopurinol indicates that XOR served as a source of O 2 Ϫ. in the MNP following cytokine insufflation. Although other sources of O 2 Ϫ. exist in MNP, they are unlikely to be inhibited by both tungsten and allopurinol. We observed that 88% of the alveolar MNP stained positive for nitrotyrosine following cytokine insufflation, with a background of 14% positive MNP. The increase of 74% due to cytokine-induced inflammation is nearly identical to the level of nitrotyrosine staining seen at the onset of ARDS in humans (50) , and suggests that oxidative stress in the MNP may be a general, early feature of acute lung inflammation.
In addition to inducing XOR expression in the MNP and generating an inflammatory response, insufflation of IL-1 and IFN-␥ also increased alveolar cell apoptosis that was quantitated by TUNEL stain and caspase-3 activation. Alveolar cell apoptosis has been frequently observed in clinical ALI and in experimental lung inflammation and appears to depend on activation of the Fas/FasLigand proteins (51-52), which are highly expressed on both inflammatory cells and lung epithelial cells (53) . Although the exact mechanism responsible for alveolar cell apoptosis following cytokine insufflation is unclear, the inhibition of alveolar cell TUNEL stain and caspase-3 activation by tungsten or allopurinol treatment implicates the involvement of XOR. We established the contribution of XOR to cytokine induced lung inflammation using tungsten and allopurinol inhibition. Both of these inhibitors decreased lung inflammation, MNP nitrotyrosine staining, and alveolar cell apoptosis. Allopurinol is a highly specific inhibitor in vivo that inhibits XOR noncompetitively following its conversion into oxypurinol (alloxanthine), which then inhibits the molybdenum center by tight, but reversible, binding (54) . In our experiments, rats were fed allopurinol at a dose of 50 mg/kg for 7 d, a regimen well known to inhibit XOR in vivo (26, 27) . Although high concentrations of allopurinol may theoretically have ROS scavenging capability in vivo (55) , this results primarily from quenching hydroxyl radical and not O 2 Ϫ. (56) . Tungsten feeding is another relatively selective method for inhibiting XOR in vivo (26) (27) (28) (29) . Tungsten acts by displacing molybdenum from the molybdopterin cofactor necessary for the activity of XOR and other MoCo enzymes (57) . The similar effect achieved by treatment with either of these distinct inhibitors indicates that XOR activity contributed to the cytokine induced inflammatory response, MNP nitrotyrosine staining, and alveolar cell apoptosis seen in rats insufflated with IL-1 and IFN-␥.
Because the use of systemic inhibitors like tungsten or allopurinol would not be limited to inhibiting XOR in the MNP, we performed a cell transfer experiment in which XOR was inhibited in MNP in vitro. Insufflation of allopurinol-treated, XOR-inhibited MNP demonstrated that MNP XOR could contribute to cytokine-induced lung inflammation. BALF cells recovered from rats insufflated with allopurinol-treated cells had reduced numbers of neutrophils compared with the numbers of neutrophils in the BALF following transfer of cells treated with the vehicle alone. This experiment indicated that XOR specifically located in MNP participated in the pulmonary inflammatory process. These experiments do not exclude the possible contribution of endothelial or epithelial XOR to the inflammatory process, nor do they address the potential role of interstitial or parenchymal MNP. In fact, our data suggest that substantial levels of interstitial MNP arose following IFN-␥ insufflation that were not recovered in the BALF. Nonetheless, our data do point to the unanticipated participation of alveolar cell MNP XOR in cytokine induced lung inflammation and underscore a possible functional interaction between neutrophils and MNP that is dependent on XOR.
Our study demonstrates that XOR can be induced rapidly in infiltrating and differentiating MNP following cytokine insufflation in rats, and that this phenomenon is linked to the inflammatory process. We imagine that MNP XOR generates ROS that contribute to increased pulmonary oxidative stress and inflammatory cell recruitment. These observations may explain the oft-postulated "two hit" process leading to the exuberant inflammation characteristic of ALI. If XOR is increased in MNP for as long as 18 d after an initial cytokine or other insult, then the lung may be more susceptible to a second insult for a considerable time. Whether allopurinol would be beneficial in treating or preventing ALI or other inflammatory diseases is unknown. However, the protective effect of allopurinol in diabetes (58, 59) , renal ischemia-perfusion injury (60) , and chronic heart failure (61-63) may be related to this mechanism inasmuch as MNP infiltration appears to be a component of each of these diseases.
